Abstract This study aimed to characterize air pollution and the associated carcinogenic risks of polycyclic aromatic hydrocarbon (PAHs) at an urban site, to identify possible emission sources of PAHs using several statistical methodologies, and to analyze the influence of other air pollutants and meteorological variables on PAH concentrations.The air quality and meteorological data were collected in Oporto, the second largest city of Portugal. Eighteen PAHs (the 16 PAHs considered by United States Environment Protection Agency (USEPA) as priority pollutants, dibenzo [a,l]pyrene, and benzo[j]fluoranthene) were collected daily for 24 h in air (gas phase and in particles) during 40 consecutive days in November and December 2008 by constant low-flow samplers and using polytetrafluoroethylene (PTFE) membrane filters for particulate (PM 10 and PM 2.5 bound) PAHs and pre-cleaned polyurethane foam plugs for gaseous compounds. The other monitored air pollutants were SO 2 , PM 10 , NO 2 , CO, and O 3 ; the meteorological variables were temperature, relative humidity, wind speed, total precipitation, and solar radiation. Benzo[a]pyrene reached a mean concentration of 2.02 ngm −3 , surpassing the EU annual limit value. The target carcinogenic risks were equal than the health-based guideline level set by USEPA (10 −6 ) at the studied site, with the cancer risks of eight PAHs reaching senior levels of 9.98×10 −7 in PM 10 and 1.06×10 −6 in air.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental contaminants. These compounds may pose risks to human health as many of the individual PAHs are cytotoxic and mutagenic to both lower and higher organisms (WHO 1998) , and some of them are being considered as carcinogenic (IARC 2010) . The impact on human health mostly occurs via exposure to PAH concentrations in ambient air; therefore, European Union (EU) considers PAHs among the most relevant pollutants, the atmospheric levels of which need to be controlled in order to protect public health (Directive 2004/107/EC).
In nature, PAHs are found in coal tar, crude oil, and creosote, being also produced during combustion processes, such as forest fires and volcano eruptions (Rajput and Lakhani 2009) . Anthropogenic sources are, however, the major contributors of the more hazardous PAHs compounds, being generally produced during incomplete combustion of organic matter such as crude oil, coal, and natural gas (Netto et al. 2007; Ravindra et al. 2008; Shibamoto 1998; Slezakova et al. 2010; WHO 1998) . In urban atmospheres, where the occurrence of PAHs in ambient air is of a particular concern, the majority of PAHs come from vehicular traffic emissions (Castellano et al. 2003; Gaga et al. 2012; Mohanraj et al. 2011; Omar et al. 2002; Zechmeister et al. 2006) ; however, PAHs are also emitted by trains, aircrafts, and, more importantly, ships (Cooper 2003) . Stationary sources such as domestic heating, various industrial processes, waste incineration, and energetic production systems are other significant contributors of PAHs to outdoor atmosphere (WHO 1998) .
In air, PAHs are partitioned between vapor and particulate phases. Especially high molecular weight PAHs that are predominantly associated with particulate phase are considered to pose significant risks to human health (Fang et al. 2006; Froehner et al. 2011; Obiri et al. 2011; ). Because of their potentially carcinogenic properties (IARC 2002; , the United States Environment Protection Agency (USEPA) listed 16 priority PAH compounds as priority pollutants (Shibamoto 1998; USEPA 1986) ). Nevertheless, the suitability of this approach has started to be questioned (Pufulete et al. 2004) by new findings on the presence of more harmful PAHs, such as dibenzo [a,l] pyrene or dibenz [a] anthracene, that are estimated to have a carcinogenic potency of approximately 100 and five times higher, respectively, than benzo[a]pyrene (Boström et al. 2002; Okona-Mensah et al. 2005) . In order to develop control strategies for the prevention of PAH environmental pollution, identification of the emission sources becomes crucial. Methodologies applied in various studies include analysis of PAH diagnostic ratio (Lin et al. 2011; Ravindra et al. 2006 Ravindra et al. , 2008 and principal component analysis (PCA) (Andrade et al. 2010; Guo et al. 2003; Kalaitzoglou et al. 2004; Liu et al. 2007; . Furthermore, cluster analysis (CA) has been used in some studies to identify possible emission sources (Gomez and Martin 1987; Ravindra et al. 2008; Slezakova et al. 2008) . PCA and CA are the most commonly used classification methodologies in environmental studies. Concurrent application of both of these methods can provide consistent results. However, their grouping procedures are different. PCA is used to reduce a large set of items to a smaller number of components that explain important dimensions of variability of the original data. The original variables are then associated to these components (forming groups) based on their correlation. On the other hand, CA groups variables according to their similarity in order to achieve a set of clusters in which the objects included in same cluster are similar to each other and different from the others belonging to other clusters. The ideal number of clusters is achieved graphically through a dendrogram, a tree diagram often used in CA. Studying the relationship of atmospheric pollutants such as ozone or nitrogen oxides with PAHs is also important for a better understanding of their transformation processes in the atmosphere. During the nighttime, degradation of atmospheric PAHs occurs due to the reactions with ozone and nitrate radicals; during the daytime, PAH degradation is mostly affected by photochemistry. In addition, the relationship between PAHs and other air pollutants (sulfur dioxide, nitrogen dioxide, carbon monoxide, metals; Bernalte et al. 2012; Lin et al. 2011 ) may indicate a common emission source. Meteorological parameters (ambient temperature, solar radiation, and relative humidity) also affect PAH levels because the chemical reaction involved in the atmosphere depends on weather conditions (Ravindra et al. 2006) . The usually applied procedure to relate these variables is the determination of correlation coefficients (Lammel et al. 2010; Ravindra et al. 2008) . The combined effect of several variables on PAH concentrations should also be evaluated. The simplest statistical model is multiple linear regression which assumes that the output is the linear combination of input variables. This model is useful not only to predict the output but also to evaluate the influence of each input variable (analyzing the correspondent regression parameter). However, this model can lead to mistaken conclusions due to the existence of collinearity between the input variables (Pires et al. 2008a) . To eliminate this drawback, a preprocessing of input data is used; PCA is applied to remove the collinearity of input variables, creating new variables that are uncorrelated. The combination of principal component analysis and multiple linear regression is called principal component regression (PCR).
In view of the PAH health concerns, monitoring levels of these compounds has become important, especially in urban areas where the risks associated with human exposure to atmospheric PAHs might be higher. Thus, the present work aimed to characterize PAH air pollution and the associated carcinogenic risks at an urban site (Oporto, Portugal) and to identify possible emission sources of PAHs using statistical analyses (correlations, principal component analysis, and cluster analysis). The correlations between PAH concentrations and other main air pollutants (PM 10 , O 3 , NO 2 , CO, and SO 2 ) and meteorological variables (temperature, solar radiation, relative humidity, total precipitation, and wind speed) were also evaluated by PCR. As far as the authors have known, no study was performed using PCR methodology with this aim.
Materials and methods

Study area description
Oporto is the second largest city of Portugal, located in the north of the country. Its climate is characterized by an annual average temperature of 15°C approximately, and the difference between the highest and lowest monthly averages is less than 10°C. Annual air humidity is between 75 and 80 %, and the total annual mean precipitation varies between 1,000 and 1,200 mm, with about 40 % in the winter season. Prevailing winds are from the west and northwest (Pereira et al. 2005) . The important air pollution sources in the respective area are vehicle traffic, an oil refinery and a petrochemical complex, a power plant, an incineration unit, and an international shipping port (Pereira et al. 2007 was used. The particles (PM 10 and PM 2.5 ) were collected on PTFE membrane filters whereas gaseous PAHs were collected on pre-cleaned polyurethane foam (PUF) plugs (75 mm, SKC Ltd., United Kingdom) (Tsapakis and Stephanou 2003) . During the sampling period meteorological parameters were registered (Table 1S of the "Electronic supplementary material") as well as the levels of other air pollutants such as sulfur dioxide (SO 2 ), nitrogen dioxide (NO 2 ); carbon monoxide (CO), and (O 3 ) and particulate matter with aerodynamic diameter below 10 μm (PM 10 ). SO 2 concentrations were obtained by the ultraviolet fluorescence method, according to the EU Directive 2008/50/EC using the AF21M equipment from Environment SA (Pereira et al. 2007 ). Nondispersive infrared spectrometric method was applied to measure CO concentrations, according to the EU Directive 2008/50/EC. NO 2 was obtained through the chemiluminescence method (Directive 2008/50/EC). O 3 measurements, (Directive 2008/50/EC) were performed through UV-absorption photometry using the equipment 41 M UV Photometric Ozone Analyser from Environment S.A. (Pereira et al. 2005) . This equipment was submitted to a rigid maintenance program, being calibrated each 4 weeks. Finally, PM 10 concentrations were obtained through beta radiation attenuation method, considered as an equal to the method advised by the EU Directive 2008/50/EC, using the MPSI 100 I et E equipment from Environment SA (Pereira et al. 2005) . All pollutants were monitored continuously and hourly average concentrations (μgm −3 ) were recorded.
PM 10 and PM 2.5 masses PM 10 and PM 2.5 masses were determined gravimetrically as described previously in detail by Slezakova et al. (2008 Slezakova et al. ( , 2010 . Briefly, the initial mean mass of the blank filter was subtracted from the final mean mass of the exposed filter; the difference was then divided by the total volume of air that passed through filter (at 25°C and 101.3 kPa).
Analysis of PAHs
The extractions of PAHs from particles (PM 10 and PM 2.5 ) and PUF plugs were performed by previously validated analytical procedure based on microwave-assisted extraction (MAE) (Castro et al. 2009 . Briefly, samples with 30 to 45 mL of acetonitrile were transferred to the glass extraction vessels and the MAE was performed for 20 min at 110°C. Extracts were then carefully filtered and reduced to a small volume; the residue was then re-dissolved in 1 mL of acetonitrile immediately before analysis. PAHs were quantified using a Shimadzu LC system equipped with photodiode array SPD-M20A and fluorescence RF-10AXL detectors on line (Castro et al. 2009 . Separation of the compounds was performed in a C18 column (CC 150/4 Nucleosil 100-5 C18 PAH, 150× 4.0 mm; 5 μm particle size; Macherey-Nagel, Duren, Germany) maintained at room temperature (20±1°C). A mixture of water and acetonitrile was used as the mobile phase. Acenaphthylene, which shows limited fluorescence, was analyzed at 254 nm with the photodiode array detector. External calibrations with PAHs mixed standards, using at least 6 calibration points, were performed. Calibrations curves were linearly fitted with correlation coefficients always higher than 0.9997 for all PAHs. Limits of detection (LODs) and limits of quantification (LOQs) were calculated as the minimum detectable amount of analyte with a signalto-noise ratio of 3:1 and 10:1, respectively, (Miller and Miller 2005) for acenaphthylene were obtained, with corresponding LOQs in the range 5.4-652 pgm −3 .
During each set of MAE extractions, a filter blank or a PUF plug blank was included and subtraction performed. The repeatability was evaluated by the relative standard deviations (RSD) of triplicate samples. RSD values ranged from 1.8 (dibenzo [a,l] pyrene) to 9.1 % (naphthalene) and 0.9 (chrysene) to 9.8 % (naphthalene) for PAHs extraction from filters and PUFs, respectively. Standards used for calibration were analyzed daily and regularly, as well as blank MAE extracts (from filter blank or PUF plug blank), between samples to check instrument performance during PAHs analysis. Each analysis was run at least in triplicate.
Health risk analysis
The carcinogenic risks of PAHs were assessed according to the methodology provided by USEPA Region III Risk-based Concentration Table (USEPA 2012) . The risks were estimated as the incremental probability of an individual to develop cancer, over a lifetime, as a result of exposure to that potential carcinogen (i.e., incremental or excess individual lifetime cancer risk; USEPA 1989). Acceptable risk levels for carcinogens range from 10 -4 (risk of developing cancer over a human lifetime is 1 in 10 000) to 10 -6 (risk of developing cancer over a human lifetime is 1 in 1 000 000). The carcinogenic risks were calculated using the following equation:
where TR is target carcinogenic risk (dimensionless); EFr is the exposure frequency (350 days per year); ED is the exposure duration (years); ET is outdoor air exposure time (0.2, i.e., 4.8 h per day); IUR is the chronic inhalation unit risk (μgm Vieira et al. 2011) were used for the estimation of the target risks using the following ED values (in brackets): children 1-3 years (1 year), children 4-6 years (4 years), children 7-10 years (7 years), adolescents 11-14 years (11 years), adolescents 15-19 years (15 years), adults 20-24 years (20 years), adults 25-54 years (25 years), adults 55-64 years (55 years), and seniors >65 years (65 years).
Statistical methods
The linear relationship between concentrations of PAHs was evaluated through the correlation matrices (Pires et al. 2008a) ; critical Pearson correlation coefficients were reported with significance level of 0.05. Furthermore, PCA and CA (Manly 1994; McKenna 2003; Pires et al. 2008b, c) were used in order to identify possible emission sources of PAHs. The relationship between concentrations of PAHs and other air pollutants and meteorological variables was evaluated using a multiple linear regression (MLR; Pires et al. 2008d) . A pre-processing of input data was used (Pires et al. 2008a ) with PCA applied to remove the collinearity of input variables before the determination of the linear model, the principal component regression (PCR).
Results and discussion
Levels of PAHs in air and in PM
During the sampling period the total levels of 18 PAHs in air (Σ PAHs ; i.e., sum of concentrations of all PAHs both in gas phase and in particles) ranged from 16.8 to 149 ngm −3 , with a mean of 70 ngm −3 . The relative abundances of PAHs in air are presented in Fig. 1a . As it can be seen, compounds with 3 rings were among the most abundant PAHs in air; they accounted for 53 % of the total PAHs content. Specifically, the highest concentrations were observed for phenantrene (3-rings) that accounted for 27 % of Σ PAHs . Other abundant 3 ring PAHs were acenaphthylene (11 % of Σ PAHs ) and fluorene (9.4 %). Pyrene (9.5 % of Σ PAHs ) and fluoranthene (8.6 %) were the most abundant 4 ring PAHs in air. Compounds with 5 and 6 rings accounted, respectively, for 14 % and 6 % of Σ PAHs . The highest levels of these groups were observed for benzo[b+j]fluoranthene (7 %), whereas dibenzo [a,l] pyrene was the least abundant compound (0.1 %). Naphthalene, a compound with two aromatic rings, accounted for 5 % of Σ PAHs . Considering EU studies the abundance of naphthalene was similar to that found in a study from Italy (Ramírez et al. 2011) . Other European studies conducted on atmospheric PAHs (Albinet et al. 2007; Andreou and Rapsomanikis 2009; Callén et al. 2008; Fernández et al. 2002; Gaga and Ari 2011) do not typically assess concentrations of naphthalene. More information thus comes from worldwide studies (Asia, USA), which in comparison with the results here presented reported much higher abundance of naphthalene (~30-90 % of Σ PAHs ) (Hassan and Khoder 2012; Ma et al. 2011; Lin et al. 2011; Wu et al. 2012; Zhang et al. 2009; Zhao et al. 2011) . High volatility of the compound and degradation processes that may also occur during the samples collection (Schauer et al. 2003 ) could help to explain the low naphthalene levels detected. Particulate phase was dominated by compounds with 5-6 rings that accounted for 66 % of Σ PAHs (Fig. 1b) [a] anthracene very similar values of cancer risks in air and in PM 10 were found for each age group; this compound was predominantly present in particulate phase (95 %). Finally, naphthalene exhibited significantly different cancer risk values in air and in PM 10 ; this PAH was predominantly present in gas phase and only 3 % of its total content was found in PM 10 . However, the risks obtained for particle-bound PAHs may be underestimated when compared to those of gaseous PAHs because synergistic effects between particulate matter and PAHs may occur; particulate matter itself is a harmful pollutant which exposure is associated with increased morbidity and mortality due to cardiovascular and pulmonary diseases (Brunekreef and Holgate 2002 
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1.08×10 risks were equal than the health-based guideline level set by USEPA (10 −6 ) at the studied site with cancer risks of 8 PAHs (i.e., Σ TR ) reaching for seniors levels of 9.98×10 −7 in PM 10 and 1.06×10 −6 in air. These results indicate that long-term exposure to PAHs at levels found at this site might eventually cause risk for developing cancer. However, the exposure to PAHs combined with certain life style (such as smoking, regimen, or diet) may result in increased cancer risks related to these pollutants Slezakova et al. 2012 ). Dibenzo[a,l]pyrene was not included in evaluation as its chronic inhalation unit risk value is not available; IUR of dibenzo[a,l]pyrene would be precious to refine the respective risk analysis once this compound is a potent carcinogen. Furthermore, the cancer risks were estimated considering daily exposure time of 20 % (i.e., people spent approximately 20 % of their time outdoors). It is though necessary to point out that outdoor pollutants may penetrate indoors so outdoor pollution might be the major pollution source in some indoor environments where people spend majority of their time. This is especially relevant for homes in close vicinity of major emission sources, such as are roads and highways where emissions from vehicular traffic might be the major contributor of indoor health-relevant pollutants (such as PM, PAHs, nitrogen oxides, sulfur dioxide, ozone -through photochemical reactions; Brunekreef et al. 2009; Weschler 2009 ); the risks associated with the elevated concentrations in confined indoor environments could be significantly higher than those calculated in this work.
PAH sources
Correlation analysis, PCA and CA were applied to concentrations of PAHs in air (i.e., sum of compounds in particulate and in gas phases) in order to identify the most significant PAHs emission sources. Figure 2 presents PCA scatter plot ( Fig. 2a ; selecting two PCs) and CA dendrogram (Fig. 2b) daily PAHs concentrations. As it can be seen from the figures, PAHs were divided into three groups (Gi) that were identical for both CA and PCA. Compounds with 2-3 rings, namely naphthalene, acenaphthylene and acenaphthene comprised group G 3 (Fig. 2b) . Fluorene, phenanthrene, anthracene, fluoranthene and pyrene that have 3-4 rings formed G 2 . These compounds also showed higher correlation coefficients (Table 2S of the "Electronic supplementary material") possibly due to their similar structures and/or emission source. Finally, PAHs with 5-6 rings belonged to the group G 1 . It is apparent that PAHs were divided into those groups according to their physical properties. It appears that the respective phase distribution (Fig. 1S of the "Electronic supplementary material") was the main influence for grouping of PAHs. Whereas, G 3 associates compounds with 2-3 rings that were almost entirely present in the gas phase (more than 97 %), G 1 contains compounds that were entirely or almost entirely present in particles. Specifically, the latter contained benz [a] anthracene (95 % in PM), chrysene (100 %), and PAHs with 5-6 that also existed exclusively in particles. As PAHs are semi-volatile compounds their distribution between gas and particulate phase does not depend only on the physical characteristics of the compounds but also on physical conditions, such as temperature and humidity (Lu et al. 2008) . The last group (G 2 ) then represents the line dividing PAHs with larger or smaller distribution in gas or particulate phase. It contains compounds, such as fluorene and phenanthrene that were mainly in the gaseous phase (approximately 95 %), but also anthracene, fluoranthene, and pyrene, which percentage in particulate phase was higher (approximately 25 %).
Correlation analysis, PCA and CA were also applied to particulate-bound PAH concentrations (i.e., in PM 10 ). [1,2,3-cd] pyrene. These high correlation values might indicate that the respective PAHs originated from the same source; in Oporto possible air emission sources are vehicle traffic, oil refinery, petrochemical complex, and thermoelectric plant (planned for working with natural gas), incineration unit and the international shipping port (Pereira et al. 2007) . Figure 3 presents PCA scatter plot ( Fig. 3a; selecting two PCs) and CA dendrogram (Fig. 3b) (Caricchia et al. 1999; Ho et al. 2002; Fang et al. 2006; Omar et al. 2002; Wang et al. 2008; Yang et al. 1998) . Besides G 1 , CA and PCA formed other two groups indicating other possible emission sources of PAHs at the respective urban site (Fig. 3) . Fluorene and dibenz[a,h]anthracene (G 2 ) and naphthalene (G 3 ) (that presented low correlation coefficients with the rest of particulate PAHs; Table 3S of the "Electronic supplementary material") formed another two groups (Fig. 3) . Fluorene and dibenz [a,h] anthracene might be associated with organic material combustions (Fang et al. 2006; Yang et al. 1998) . Considering the sampling period it might be indicative of residential heating emissions; majority of Portuguese residences are not equipped with central heating systems, and during the colder months residential heating emissions represent a significant contribution to levels in outdoor atmosphere. Naphthalene (G 3 ), which was in the atmosphere predominantly present in gaseous phase, constitutes a significant fraction of crude oils and petroleum products with lighter fractions (Jia and Batterman 2010; Ravindra et al. 2008) . The oil refinery situated near Oporto harbor was a possible emission source of naphthalene; as previously shown, the emissions from the oil refinery influence the respective area (Pires et al. 2008b) .
The previous results indicated that PAHs at the urban site originated from a combustion source. Concentration diagnostic ratios were used to reconcile the sources of PAHs. However, because the values of these ratios are biased by local conditions (meteorology, atmosphere oxidative capacity, composition of vehicle fleet, and fuel characteristics; Galarneau 2008; Robinson et al. 2006) , several diagnostic ratios were analyzed concurrently for ambient air and particulate measurements, and their values were compared against source samples (Guo et al. 2003; Ravindra et al. 2008; Vardar et al. 2008) . The implications of benzo [a] pyrene/benzo[ghi]perylene, phenanthrene/(phenanthrene +anthracene), and fluoranthene/pyrene ratios are more general as they are used to identify whether emissions originated from vehicular traffic or not. As it can be seen in Table 2 , for PM 10 , the values of all three ratios were within the required ranges to indicate that PAHs were emitted by vehicular traffic. Concerning the PAH levels in air (i.e., Table 2 , values obtained for these four ratios (both in PM 10 and air) were within the required range, confirming that the respective compounds were mostly originated from diesel vehicular combustions. Diesel motor cars comprise 73.5 % of the current market in Portugal (Portuguese Automobile Association 2010). Furthermore, diesel is the most important car fuel in Portugal; in 2008, it accounted for 76.3 % of the Portuguese total car fuel consumption (National Institute of Statistics 2009). Although some contributions of emissions from gasoline motor vehicles were also identified (with fluorene/(fluorene+pyrene) ratio value below 0.5 in PM 10 ), the cited data indicate that diesel emissions were a significant source of PAHs at the studied site. All statistical methods were also applied to PAH concentrations in PM 2.5 . The results of CA, PCA, and diagnostic ratio analysis led to identical conclusions (results are not shown).
Influence of air pollutants and meteorological variables on PAHs concentrations
In this study, PCA was also applied to reduce the dimension of the input data, composed of meteorological variables and concentrations of some important air pollutants. Then, applying the linear regression (PCR), the influence of these input variables on PAH concentrations in both particulate and gaseous phases was evaluated at the studied site. Table 3 shows the results of the PCA application for the meteorological variables (daily averages of T, RH, WS, SR, and daily total precipitation-TP) and concentrations of air pollutants (daily average concentrations of PM 10 , O 3 , NO 2 , CO, and SO 2 ). Only the PCs (six) that represented at least 95 % of the original data variance were considered. The rotated factor loadings in italics represent the original variables that mostly influence each principal component. The first principal component (PC1) had important contributions of daily average concentrations of PM 10 , O 3 and CO, representing 47.3 % of the original data variance (ODV). PC2 was heavily loaded by the contributions of RH and SR, representing 22.3 % of the ODV. PC3 had important contributions of daily average concentrations of NO 2 , SO 2 , and also T, representing 13.8 % of the ODV. PC3 and PC4 were heavily loaded by WS and TP, respectively (representing 6.9 and 3.9 % of the ODV, respectively). The application of PCA as a pre-processing method removed the collinearity of the model input data. The PCs (uncorrelated variables), calculated by linear combination of the input variables, were then used as model input variables. Table 4 shows the PCR parameters for each PAH in air (i.e., sum of particulate and gaseous phases). The regression parameters b i (i01 to 6) correspond respectively to the input variables PC1 to PC6, while b 0 is the independent parameter. PC5, which is heavily loaded by TP, was not statistically significant (using t-test with a significance level of 0.05) for all PAHs. Moreover, the PCR models for naphthalene, acenaphthylene, dibenz [a,h] anthracene, and benzo[ghi]perylene did not find a statistically significant relationship with PCs. For the models with statistically significant regression parameters (associated with PCs), PAHs always had a negative correlation with PC1, PC3, and PC6 and a positive correlation with PC2 and PC4. Integrating the information contained in Table 3 (relationship between original input variables and PCs) and Table 4 (relationship between the PCs and PAHs), it was possible to infer the relationship of PAHs with common air pollutant concentrations and meteorological variables. For instance, having a negative correlation with PC1, it means that PAHs had a positive correlation with PM 10 and CO concentrations and a negative correlation with O 3 . Analyzing all PCR models, PAHs had a positive correlation with PM 10 , CO, NO 2 , SO 2 , and SR, while they present a negative correlation with O 3 , RH, T, and WS. The positive correlation between these pollutants might be caused by meteorologically driven variations in the depths of mixing boundary layer (Chou et al. 2007 ). Furthermore, the positive correlation between PAHs and SO 2 , PM 10 , CO, and NO 2 may be due to the fact that they arise from the same combustion sources (Tsapakis and Stephanou 2005) and share the same transportation pattern (Tham et al. 2008a) . The reaction of O 3 with PAHs is considered as a degradation process of PAHs, reducing their concentrations (Park et al. 2002; Tham et al. 2008b ). However, the persistence of PAHs in the atmosphere depends on a variety of meteorological factors such as temperature, relative humidity, or solar radiation intensity (Kamens et al. 1988; Zheng and Fang 2000) . Temperature is probably one of the most important parameters that influence the distribution of PAHs between particulate and gaseous phases. The temperature increase promotes vaporization of PAHs, and gaseous PAHs are more likely to be subjected to transformation and reduction by photochemical degradation (Fang et al. 2006) . However, the removal of PAHs was also found to depend on relative humidity; previous studies have pointed out that an increase in humidity leads to an enhancement of PAH photodecomposition (Kamens et al. 1988; Tsapakis and Stephanou 2007) , hence the negative correlation with RH. In the presence of sunlight, PAHs can undergo a photooxidation reaction that is recognized as an important removal process of PAHs from the atmosphere (Zheng and Fang 2007) . However, solar radiation showed a positive correlation with PAHs. This PCR result could be caused by an indirect effect of solar radiation. The intensity of solar radiation depends on various factors such as geographical location, or surface albedo, season, time of day, and atmospheric conditions. The cloudy and rainy day conditions characteristic for autumn period could have a higher impact on the PAH concentrations than photodegradation; the rain itself is an important removal process of PM and PAHs from the atmosphere. In addition, lighter PAHs such as phenanthrene and fluoranthene (approximately 35 % of Σ PAHs ) might be released to the ambient air by volatilization from environmental surfaces (vegetation, soils), which may lead to higher concentrations of some lighter PAHs (Lin et al. 2011) . This potential release could be indirectly responsible for the positive correlation with solar radiation. However, it is necessary to emphasize that the majority of the existent studies have reported a negative correlation between some atmospheric PAHs and solar radiation, typically justified by the photo-sensitivity of PAHs and their ability to undergo chemical degradation under the irradiation of sunlight in the environment. Only one study (Tsapakis and Stephanou 2007) has been found to report a positive correlation between some PAHs and solar radiation. Hence, it is necessary to further investigate and confirm this untypical finding. Finally, the negative correlation with WS is related to the dispersion of PAH atmospheric concentrations caused by WS increase (Haugen et al. 1999; Lee and Jones 1999) , indicating that the PAH emissions did not originate from long-distance sources (Chaloulakou et al. 2003) .
Conclusions
The total concentrations of 18 PAHs in air ranged from 16.8 to 149 ngm −3 , with a mean of 70 ngm The health risk analysis showed that estimated values of carcinogenic risks for PAHs equalled the health-based guideline levels at the site, thus demonstrating that longterm (> 65 years) exposure to these pollutants at levels found at this site would eventually cause risk of developing cancer. As PAHs may promote serious problems, in order to protect public health, it is fundamental to continue with efforts in reducing the emissions of these pollutants, mainly related to vehicular transport.
The correlation matrix, cluster analysis, and principal component analysis showed potentiality to group PAHs according to their chemical structure (number of rings), phase distribution, and emission sources. Three possible emission sources of PAHs were identified at the studied site. Diesel vehicular emissions were considered as the major source of PAHs; emissions from residential heating and oil refinery were also identified to contribute to PAH levels at the respective area. SO 2 , NO 2 , PM 10 , and CO showed significant positive correlations with PAHs, suggesting that they mostly shared the same common emission source and transportation pattern. On the other hand, ozone was observed to have a significant negative correlation with PAHs, probably due to the degradation processes; temperature and relative humidity also favored PAH degradation. The negative correlation with wind speed was related to the dispersion of atmospheric PAHs and indicates that PAH emissions did not originate from long-distance sources. Total precipitation was the only meteorological variable that did not significantly influence PAH concentrations.
This study contributes to further understanding PAH air pollution and the associated carcinogenic risks of polycyclic aromatic hydrocarbon at an urban site. The findings obtained in this work provide additional knowledge on the identification of PAH air pollution sources using several statistical methodologies and might be useful for European regulatory agencies in order to develop strategies to protect public health.
Future studies should consider data collected during longer periods and/or different seasons. A higher number of monitoring sites should be selected, preferably with different characteristics (industrial, traffic, background); rural and remote sites should also be considered for comparisons.
